Studies were performed on anesthetized saline-loaded dogs to delineate the afferent and efferent mechanisms involved in the antinatriuretic response to acute constriction of the thoracic vena cava. The kidneys of the animals were denervated prior to study, and renal perfusion pressure was controlled throughout the experiment. To differentiate between the potential afferent stimuli, increased hepatic venous pressure and decreased cardiac output, the thoracic superior vena cava (TSVC) was acutely constricted to lower cardiac output without increasing hepatic venous pressure. Acute TSVC constriction caused a decrease in sodium excretion qualitatively similar to that resulting from an acute constriction of the thoracic inferior vena cava (TIVC) which generated a comparable decrease in cardiac output. This finding suggests that the afferent limb of the antinatriuretic response to acute constriction of the thoracic vena cava, either TSVC or TIVC, involves diminution in cardiac output, or some consequence thereof, rather than increased hepatic venous pressure. Additional experiments were then performed in animals with pharmacologically-induced autonomic blockade. Autonomic blockade with hexamethonium or phenoxybenzamine abolished the antinatriuretic response to constriction of either the TIVC or TSVC. This finding suggests that the efferent limb of the antinatriuretic response to thoracic vena cava constriction involves sympathetic efferent pathways, either by an intrarenal effect of circulatory catecholamines or by controlling the release of an extrarenal factor influencing sodium reabsorption. retention (1-6). We have recently demonstrated that the antinatriuretic effect of acute TIVC constriction is related in part to a decrease in renal perfusion pressure and an increase in renal venous pressure (7). An antinatriuretic effect was still demonstrable, however, in experiments in which both renal perfusion pressure and renal venous pressure were controlled during the acute constriction of the TIVC, and this effect was not abolished by either renal denervation or adrenalectomy. No such antinatriuretic response was observed when the abdominal inferior vena cava (AIVC) was constricted below the hepatic veins but above the entrance of the renal veins. Although this finding suggested that 490
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Received February 16, 1971 . Accepted for publication August 27, 1971. retention (1) (2) (3) (4) (5) (6) . We have recently demonstrated that the antinatriuretic effect of acute TIVC constriction is related in part to a decrease in renal perfusion pressure and an increase in renal venous pressure (7) . An antinatriuretic effect was still demonstrable, however, in experiments in which both renal perfusion pressure and renal venous pressure were controlled during the acute constriction of the TIVC, and this effect was not abolished by either renal denervation or adrenalectomy. No such antinatriuretic response was observed when the abdominal inferior vena cava (AIVC) was constricted below the hepatic veins but above the entrance of the renal veins. Although this finding suggested that ANTINATRIURESIS AND VENA CAVA CONSTRICTION 491 hepatic venous congestion might provide the afferent stimulus for the antinatriuretic effect of acute constriction of the TIVC, different effects of acute constriction of the AIVC and TIVC on cardiac output were also observed (7) .
One purpose of the present investigation was to differentiate between hepatic congestion and decreased cardiac output as potential afferent stimuli in the antinatriuretic effect of acute TIVC constriction. Studies were therefore performed in which cardiac output was lowered by acutely constricting the thoracic superior vena cava (TSVC), a maneuver that does not produce hepatic congestion. A second purpose of the present study was to see if the autonomic nervous system is involved in the antinatriuretic effect of acute TIVC or TSVC constriction. Studies, therefore, were performed in which either the TIVC or TSVC was constricted acutely in animals with their autonomic nervous systems pharmacologically blocked prior to the experiment.
Methods
Experiments were performed on 16 mongrel dogs of either sex weighing 20-30 kg. The preparation of the animals before and on the day of the experiment, as well as the analytical methods and calculations used, were the same as previously described (7) . In each animal, a polyethylene snare was placed around the thoracic superior or thoracic inferior vena cava through a right thoracotomy incision. In animals with the TIVC snare, a similar snare was placed around the abdominal vena cava just above the entrance of the renal veins in order to allow control of renal venous pressure. The renal perfusion pressure was controlled and the kidneys denervated in all of the experiments. Experiments were performed according to the following protocols.
ACUTE CONSTRICTION OF THE THORACIC SUPERIOR VENA CAVA IN THE SALINE-LOADED DOG
The effect of acute constriction of the TSVC on systemic and renal hemodynamics and electrolyte excretion was examined in ten experiments performed on six animals. In these experiments, 3-5 control urine and blood samples were obtained prior to constriction of the TSVC. After constriction of the TSVC, 15-20 minutes were allowed for equilibration, and 3-5 experimental samples were obtained. The TSVC constriction was then released and, after another 15-20 In 11 experiments on eight animals, hexamethonium (50-125 mg) was infused intravenously for 20-30 minutes before the experiment. Adequate autonomic blockade was achieved when the infused hexamethonium completely blocked the pressor response to an acute intravenous injection of 500 or 1000 ^tg of nicotine. A pressor response of 20-30 mm Hg to one of these two doses of nicotine was established in each dog prior to the administration of hexamethonium. In two animals, phenoxybenzamine (50 mg) rather than hexamethonium was used to produce sympathetic blockade. The decrease in total peripheral resistance and arterial blood pressure during phenoxybenzamine administration was similar to that observed during the administration of hexamethonium and thus suggests a similar degree of sympathetic blockade. The protocol of all of these experiments was the same as that described for the TSVC studies without autonomic blockade.
Results

EFFECTS OF ACUTE CONSTRICTION OF THE THORACIC SUPERIOR VENA CAVA
Acute constriction of the TSVC was consistently associated with a significant decrease in urinary sodium excretion (U Na V) which 
FIGURE 1
Effect of acute constriction of the TSVC on renal hemodynamics and sodium excretion. returned to control level on release of the constriction. The detailed results of one such experiment are shown in Figure 1 . In this experiment, the decrease in Ux a V during constriction and the increase in U Na V on release of constriction were not associated with parallel changes in glomerular filtration rate. The diminution in U Xa V also was not explained by a significant increase in calculated initial postglomerular protein concentration during the period of the acute TSVC constriction. Although, in the experiment illustrated in Figure 1 , renal vascular resistance was slightly higher during acute constriction of the TSVC than during pre-or post-constriction control periods, this was not a consistent finding in the other experiments ( Table 1 ). The effect of acute constriction and release of the constriction of the TSVC on U N .V and U K V is shown in Figure 2 . The mean U Na V was 664 /xEq/min during the control period, decreased to 455 /iEq/min during constriction, and increased to 621 /zEq/min on release of constriction. Both the decrease in U N »V during constriction and the increase in U Na V on release of constriction were highly significant (P < 0.001). The effect of acute constriction and release of the TSVC on U K V was qualitatively similar to the effect on U Na V (Fig. 2) . The decrease in electrolyte excretion on acute constriction of the TSVC was not associated with a significant decrease in glomerular filtration rate (P>0.1, TSVC = thoracic superior vena cava; TIVC = thoracic inferior vena cava; U Na V = urinary sodium excretion; U K V = urinary potassium excretion; all other abbreviations are as in Table 1 . The number of kidneys tested is in parentheses.
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*The results of the two phenoxybenzamine experiments are included in the mean values since the results were the same as with hexamethonium.
fSince renal venous pressure was maintained constant by the adjustment of a snare around the abdominal vena cava, the inferior vena cava pressure below the snare also remained constant.
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could explain the effect on urinary electrolyte excretion or were not reversible. Specifically, both the filtration fraction and renal vascular resistance increased slightly from control levels in response to acute constriction of the TSVC, but they did not return to control values on release of constriction. Thus, the reversibility of the effect of acute TSVC constriction on Ux a V and U K V was not associated with simultaneous decreases in renal vascular resistance and filtration fraction. The mean renal venous extraction of PAH was 0.855 during the control period, 0.899 during constriction and 0.883 after release of constriction. The slight progressive fall in arterial protein concentration throughout the study probably was related to a minimal degree of further expansion of the extracellular fluid volume. Although renal perfusion pressure was controlled in all of these studies, significant falls in cardiac output and systemic arterial blood pressure occurred during acute TSVC constriction ( Table 1) . The degree of constriction of the TSVC necessary to decrease cardiac output was, however, greater than that necessary with acute TIVC constriction. The mean venous pressure above the TSVC constriction increased from 4.5 to 17.6 mm Hg. In a previous study, acute constriction of the TIVC was associated with a decrease in cardiac output comparable to that observed with TSVC constriction when the mean venous pressure below the TIVC constriction was increased by only 5 mm Hg (7) . During the present investigation, there was one animal in which complete occlusion of the TSVC increased venous pressure above the snare from 5.5 to 13 mm Hg but did not decrease cardiac output or electrolyte excretion. The cardiac output of the animal was 2.61 liters/min before and 2.66 liters /min after constriction, and the mean UxaV per kidney was 238 /xEq/min before and 242 jiiEq/min after constriction.
EFFECT OF AUTONOMIC BLOCKADE ON RESPONSES TO ACUTE CONSTRICTION OF THE THORACIC SUPERIOR OR THE THORACIC INFERIOR VENA CAVA
In these experiments, total peripheral resistance was diminished and the mean control arterial blood pressure, renal hemodynamics, and electrolyte excretion were lower than in the studies without autonomic blockade (Table 2). The decrease in cardiac output associated with either TSVC or TIVC constriction, however, was very similar. In contrast to results from the experiments without autonomic blockade, acute constriction of the TSVC was not associated with an antinatriuretic effect during blockade ( Table 2) . Although the mean control U Na V was significantly lower during autonomic blockade, in some of the experiments, the control U Na V was comparable to that in the studies without blockade, and no antinatriuresis due to TSVC constriction was observed. Moreover, there was even greater overlap between control U K V values in the animals with and without autonomic blockade, yet the antikaliuretic effect of TSVC constriction was only observed in the absence of blockade. Acute constriction of the TIVC was associated with a small but significant decrease in U Na V during autonomic blockade ( Table 2 ). Release of TIVC constriction was, however, not associated with a significant increase in U Na V. Thus, although a small persistent antinatriuretic effect of TIVC cannot be excluded, the lack of reversibility of the effect does not support this possibility. U K V did not decrease during TTVC constriction or increase on release of the TIVC constriction. Acute constriction of the TSVC or TIVC during autonomic blockade was not associated with consistent and reversible changes in glomerular filtration rate, filtration fraction, renal vascular resistance or arterial protein concentration (Table 2) .
Discussion
One purpose of the present investigation was to differentiate between two potential stimuli-increased hepatic venous pressure and decreased cardiac output-which might initiate the antinatriuretic effect of thoracic vena cava constriction. The experimental circumstance for the differentiation between these two afferent stimuli was provided by the finding that cardiac output could be diminished to a degree comparable to that observed with acute TIVC constriction (7) by TSVC constriction. Although only TIVC constriction increased hepatic congestion, both TIVC and TSVC constriction caused a diminution in sodium excretion. These results suggest that the antinatriuretic effect of acute constriction of the thoracic vena cava is initiated by some factor other than an increase in hepatic venous pressure.
The proposal (1) that the increase in hepatic venous pressure during acute TTVC constriction was the afferent stimulus for the antinatriuretic response was not unreasonable, since acute constriction of the AIVC below the portal circulation did not have an antinatriuretic effect. Moreover, some earlier investigators (8, 9) had shown that the liver might liberate a substance which influences sodium excretion. The most recent support for tin's hypothesis was reported by Daly et al. (10); they found that the infusion of saline into the portal circulation caused a much more pronounced natriuretic response than did infusion of the same volume of saline into the femoral vein. However, other investigators (11) have not been able to confirm this finding.
The possibility that an increase in hepatic and intracranial venous pressure might initiate separate, independent mechanisms affecting sodium excretion during acute TIVC and TSVC constriction, respectively, seems unlikely. Although Viar et al. (12) originally suggested that an increase in intracranial pressure might influence sodium excretion, Fishman (13) demonstrated that marked alterations in intracranial pressure and volume were not associated with changes in renal function or sodium excretion. Moreover, in one animal in the present study, either insufficient cerebral blood flow or an extensive collateral circulation prevented a decrease in cardiac output in response to complete TSVC occlusion, and, in this circumstance, despite large increases in venous pressure above the occlusion, no antinatriuretic effect was observed. It is possible that a decrease in pressure at some intracardiac site provides the afferent stimulus for the increased reabsorption of sodium during thoracic vena cava constriction; but this seems unlikely if the mechanism involved in this experimental model is the same as that mediating sodium retention in clinical congestive heart failure, since intracardiac pressures are either normal or increased in this disease. Diminution in cardiac output, or some consequence thereof, thus seems to be the most likely stimulus for the antinatriuretic effect of thoracic vena cava constriction. Borst (14) was one of the first to advocate the importance of cardiac output in the control of sodium excretion. Enthusiasm for this hypothesis was, however, dampened by the finding that an increase, not a decrease, in cardiac output might occur with the sodium retention which is associated with an arteriovenous fistula (15) or hepatic cirrhosis (16) . Both of these latter conditions (15, 16), however, are associated with a decrease in total peripheral resistance which might be reflected as inadequate "arterial filling" or "effective blood volume."
Peters (17) originally suggested that alterations in arterial filling might be of primary importance in the regulation of body fluid homeostasis. This term, however, has not been widely used because its exact meaning is somewhat vague. The volume of blood in the arterial vasculature provides an inadequate index for the "fullness of the arterial tree," since the capacity of the arterial vasculature must also be considered. However, the interrelationship of the volume of blood ejected into the arterial tree as the cardiac output and the capacity of the arterial vascular tree as determined by the degree of vasodilatation or vasoconstriction of the arteries and arterioles might provide the best definition for fullness of the arterial tree. In this context, either a decrease in cardiac output or a decrease in total peripheral resistance would produce inadequate arterial filling and initiate the mechanisms of sodium retention. Although arterial pressure is the best single index of fullness of the arterial tree, the measurement of both cardiac output and total peripheral resistance is necessary to delineate the situations in which arterial pressure has been
SCHRIER, HUMPHREYS, UFFERMAN
preserved as a result of compensatory increases in either cardiac output or total peripheral resistance. We suggest that the afferent stimulus for the retention of sodium during acute constriction of either the TSVC or TIVC is probably diminution in the fullness of the arterial vascular tree, which is the consequence of diminution in cardiac output and is sensed by arterial baroreceptors.
The second purpose of the present investigation was to investigate the efferent pathway(s) linking acute constriction of the thoracic vena cava with a diminution in urinary sodium excretion. As previously demonstrated for acute TIVC constriction (7), the antinatriuretic effect of acute TSVC constriction occurs in the absence of alterations in renal arterial and venous pressure and does not appear to be due to alterations in glomerular filtration rate, renal vascular resistance, aldosterone activity, or renal innervation. In an attempt to delineate further the nature of this effect, the present studies were performed on animals whose kidneys were denervated prior to the experiment and whose renal arterial and venous pressures were constant throughout the study. The possibility that stimulation of the autonomic nervous system was in some way involved in mediating the antinatriuretic effect of thoracic vena cava constriction was examined. In experiments on animals subjected to autonomic blockade with either hexamethonium or phenoxybenzamine, acute TIVC or TSVC constriction did not cause an antinatriuretic effect. While the use of the ganglionic blocker, hexamethonium, did not differentiate between parasympathetic and sympathetic efferent pathways, the similar result obtained with the sympathetic a-receptor blocker, phenoxybenzamine, suggested that the sympathetic efferent pathways are primarily responsible for this effect. This finding is in accord with the results of previous investigations which suggest that interruption of the sympathetic (18, 19) , but not the parasympathetic pathways (19, 20) , affects the natriuretic response to volume expansion. We have previously suggested that diminished renal perfusion pressure is a primary factor in the antinatriuretic effect associated with adrenergic impairment by pharmacologically-induced catecholamine depletion (18) or interruption of the sympathetic pathways by spinal cord section (19) . Since renal perfusion pressure was controlled in the present studies, an additional factor(s) must be involved in the abolishment of the antinatriuretic effect of acute TIVC or TSVC constriction by autonomic blockade.
There are several possible mechanisms whereby the sympathetic efferent pathways might mediate the effect of diminished cardiac output on sodium excretion. Gill and Casper (21) have suggested that the increased sodium reabsorption which occurs during acute hemorrhage is mediated by sympathetic stimulation of the kidney which directly increases sodium transport by the renal tubules. While such a direct effect of sympathetic stimulation on sodium transport is difficult to establish unequivocally in the in vivo kidney, there have been two recent studies which have demonstrated that catecholamines increase short-circuit current, and thus presumably active sodium transport, in the toad bladder (22) and frog skin (23) . Alternatively, Barger and associates (24) (25) (26) have suggested that sympathetic stimulation might alter the rate of sodium reabsorption in the thick ascending limb of the loop of Henle by redistributing renal blood flow to increase medullary flow at the expense of cortical flow. Originally these investigators proposed that such a redistribution of renal blood flow might lead to increased sodium reabsorption, because the juxtamedullary nephrons possess longer loops of Henle and might have a greater sodium reabsorptive capacity than the cortical nephrons (25) . More recently, however, they have suggested that the increased medullary blood flow during sympathetic stimulation might decrease medullary sodium concentration and thus reduce the passive back-diffusion of sodium from interstitum to tubular lumen (26) . Whether increased sympathetic stimulation increases sodium reabsorption during thoracic vena cava constriction by a direct effect on sodium transport or by a secondary effect on intrarenal hemodynamics remains to be established. In either case, however, under the circumstances of the present study, any effect of sympathetic stimulation on sodium reabsorption must have been mediated by circulating catecholamines since the animals' kidneys were denervated.
The possibility exists that sympathetic stimulation during thoracic vena cava constriction might produce antinatriuresis by stimulating the release of an extrarenal factor which enhances sodium reabsorption. Sympathetic stimulation is known to increase renin release, and thus angiotensin formation (27) ; however the results of several investigations suggest that angiotensin only increases sodium reabsorption secondary to its concomitant vascular effects (28, 29) and, in the absence of vascular effects, might actually decrease tubular sodium reabsorption (30) . Since, in the present study, acute constriction of the TIVC or TSVC was not associated with any detectable or reversible alterations in renal hemodynamics, an increase in angiotensin might be expected to decrease rather than increase sodium reabsorption. The possibility that increased sympathetic adrenergic tone releases some other, as yet undefined, humoral substance which enhances sodium reabsorption must therefore be considered. Alternatively, since several recent in vivo and in vitro assay systems (31) (32) (33) (34) have provided evidence for the release of a substance during volume expansion which decreases sodium transport in the hydrated rat (31, 32) , frog skin (33), toad bladder (34) , and kidney tubule fragments (35), the possibility must be considered that sympathetic stimulation during thoracic vena cava constriction, and possibly other sodium-retaining states, might suppress the release of such a natriuretic substance.
